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By F. B. Gustsfsonand G. C. Hyers,Jr.

Theoreticalstudieshave predictedthatoperationof
a helicopterrotorbeyondcertaincombinationsof thrust,
forwardspeed,androtationalspeedmightbe preventedby
rayidlyincreasingstal.li~’ofthe retreatingblade. The
ssx!estudiesaisoi.r.dicatethat the efficiencyof the ‘-”
rotorwill increaseuntiltheselimitsape reachedor
closelyapproached,SO.tliatit ~s desirableto design
helicopterrotorsfor operationcloseto the ltiits
imposedby bladestalli~. InasMuchas the theoretical
predictionsof bladestalli~ involvenumerotlsapproxi-
mationsand assumptions,an experimentalinvest-igation
was neededto determinewhether,in actualpractiice,the
stalldid occurand spreadas predictedand to .establisb- --
the aaountof-stallin~that couldbe presehtwithout
severevibrationor controldif~icultiesbei.n.gintroducecL

—.—
—

The resultsof’such azzinvestigation>conductedon
a typicalhelicopter,are presentedherein, Plmtagraphic
observationsof tuftson the rotorbladesshow t-hubfor
t~~e-pOtor ~t~~ied,the stalldid occurand s,p,readrougghly
In the m~i~~ pyedicqd.

————
— —.— Correlationof the tuftphoto-

graphswith pilottsobservationsol?vibrationandcohttiol
~h~acteristlcsshow“tl~attileeffectsof stallingon
stickvibrationazzdcontrolare severefor th5.s helicopter
when the calculatedaqle of attackat the tip of tlzo
retreatingbladeexceedsthe stsllin&jangleof the airf-
oil sectionby approximately[Lo.

.—

.-

Theoretice.1designcharts,constructed.-orlti3casw.~q)tion
that tip anglesof attac’kcannotbe permittedto exceed
the stallby more than40, showhow blade stailingin —.
combinationwith compressibilityeffectsn-aybe expected
to hamperthe designerin his effortsto develophigh-
speedhelicopt.erslTkesecharts.alsoindicatesome or -
themeansby whichstsllinglbits may be postponedand
themagnitudeof the gainsthatmightbe achieved. - -
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Bladestallingis concludedto be an important
obstaclein the developmentof-high-speedholicoptors,
and the investigationof the variousknownmethodsof
delayingbladestallmay make possiblesubstantialspeed
increases.

INTRODUCTION

As a liftingrotormovosforward,tho advancing
blades@ncounterprogressivelyhightirvelocitiesand the
retreati~~blades,progressivelylowervelocities,Thus,
in orderto maintainits lift,-theretreatingblademust
operateat progressivelyhigheranglesof attackas f’or-
ward speedis increased.It followsthat at someratio
of forwardspeedto rotationalspeedthe anglesof attack
on the retreatingbladewill reachthe stall.

Theoreticalanalysespresentedin references1 and2
showthat thebest rotorefficiencyin forwardflightis
obtainedby operatingat tip speedsat whichstalli~
beginsto becomesignificant.The analysisof reference3
has shownthat,if thisprocedureis not followed,a
sacrificein hoveringefficiencywill result. Con-
flictingwith theseconsiderationsof efficiencysre
practicalconsiderationsoi safetyand freedomfrom
vibration,inasmuchas designingthe roto’rfor the con-
ditionwherestallbocoines’significant-leavesno margin
for maneuversor gusts,and the pilot,when oncounterinc
theseconditions,wouldfind the eff’ectsof stallextrmnely
serious, The net resultis thatbladestallis a highly
significantcriterionof designand, in the finalanalysis,
determinesthe ultimatepossibilitiesof tk~ehelicopter.

A Greatdealof work has previouslybeen doneon
rotorsoperatingin the autorotativecondition.These
studieshave indicatedth:!tstallingof’thebladesdid
occur.inflight roup~lyin themannerexpectedfrom
rotortheory;thatis, in the caseof the autogi.ro,the
stallwas foundto occurfirstinboardon the retreating
bladein the low-velocityregion,thento spreadoutward,
and eventuallyto approachthe highervelocitiesnear
the tip. The stalledregionshouldbe quitedifferent
for thehelicopterthanfor the autogi.ro,owingto the
reversalof directionof inflow. An experimentalstudy
was thereforemade on a helicopternotorfor corrolatlon
with the correspondingtheory.
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true aivspead,feet per secondexceptwhereotfi=r- -
wise noted

rotorangularvslocity,radiar.w“persecond

rotorbladeradius,feet

argleof attackof

t~vustcoefficient

thrust,pounds

air density,SIUGS

rotordisk,clegrees
t
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j?ercubicfoot .

()fR~,Cr%t’equivaleiltcli~rd ,J”
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bladec11ouA,feet

radiusto blade~lement;f’eet

angleof attackof bladeelement,degrees

blade azimuthanglemeasuredfron down-windposition—

.

.
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.-

in di~ectio~.of rotation

.

TIP;OR3TICALAN4LYS1S .—

If the angle-of-attackdistributionaroundthe
rotoris calcu.latsdfor somerepresentativeconditions
Of fl@~t, it is possibleto see “Jineretl~estal~edregLo~-



4 NACATN ~?O . 1083

is expectedon theholi.copterrotor andhow largeit may
becone..Resultsof c~lc~atj.ong f’0~ ~ep~egentative
flightconditionsare shownin Iiguz-e1. The valuesof
airspeedandrotorspeedused to ld~ntifytlietln?eoc~n-
aitionsillustratedir,i’igfie1 are somewhatapproximate,
the valuesused In the calculationshavingbeen choson
to correspondto specificflightdatawhichwillbe disc-
ussed subsequently.The circlesshownin the figure
representplan viewsof tiierotordisk,the directi.o~~of
f’~ightand directionof rotationbeingas shown. The
d~-kregionat the centerrepresentsthe area”sweptby
thehub andblade shanks. The shadedcrescentsrepre-
sentthe regionwherethe directionof flow over the
retreatip<bladesis reversed. Wind-tunneltestson
l?racti~~-constructionsectionsof thebladegused indi~
catx?lx~atthe stallingan@e is about12°. Come qd9ntly,
the contourIor an afigleor attackofJ-2°hasbeen drawn
and is consideredas theboundar$of the stalledregion.
l!!langlesof’attackinboardor tl’nsboundaryare less
th<%-1120. Ar@es”ot,ltboardaregraatert~lan12° and this
regionis”consideredstalled.

For the helicopterundei’consideration,it wouldbe
expectedon the basisof’the calculationsthatstalling
wou].cibe justbeginnin~to oocuron the retreatingtip
at a forwardspeedof 40 tilespor hour and‘arotor.sp.eed
of ,205.r:m (fi~.l(a)). Isimilal?ly,at a forwardspeed
of 70 milesper hour ancla rotorspeedof 225 rpn, an
increasedregionor stallis expected(fiG.l(b)) and,
at 10;Yrotorspeedand a forwardspeedof 70 milesper
hour (fig.l(c)),an appreciab].e stalledareawouldbe
anticipated.

Thesecalculationsarebasedupon ret’erence)+,which
makes certainsimplif’yin~assumptionsand takesno
accountof’the effectof the stallitself’on the bl~do
motionand thusthe angle-of’-attach:distribution.

In orderto obtainexperimentaldatafoi~the present
investigation,the typeof equipmentdescribedin refer-
ence 5 was used. A 55-m5.llimotermotion-picturecamera
was mountedrigidlyon the rotorhub andwas pointed
alonga bladeequippedwith tuftsindmarkings, (See
1’ig,2.)T.P.etllftswore Ti.ecRs of Vfoolyarr.~ ~.ilchos.lOi~~.
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In fibgure3 t’ypical.
in ~lightare shown.
the advancingside.

5

photographsfrom the recordstaken —
In tigure~(a) the blade“ison
Note that all the tuftsindicate

smoothflow ‘~ongtheblade. In ff.gure.5(b), whichwas
takenon the retreatingside,it can be seen thatthe
outerportionof the bladeis def’init~lystalled,the
tuftsstreamingfo~wardfrom theirattachmentpoints.
Similarly,the blade at the 0.75radius.isstalled,atthe
0.6 radiusis pertlystalled,and-atthe O.)!-~radiusis
unstalled thoqqhtke flow is kmavfly “awed. The blade
sectionwas’c“onsideredto be stalledwhen the.tufts.—..— ...i“r.dicatedrcv.~rsedor.bur-bl&dflow over the‘pe~._~(lp&r---— —
centof the chord.

.—-.—
.—..

—

PIZSULTSAH33DISCUSS1ON

Someof the resultsobtai.fiedfrom analyzingthe
photographsof %he blades,such as figure3, are showfi-
in figure4. The observedstallregions,representedby
the shadedareas,have been superizzposed=upon the t~eo- .-
reticallyestablishedregionsI’orthe sam conditions

.- shownin figure1. It is seentb.atthe stalldoesoccur
and grow roughlyin tlieexpectedmanner.

,- Pilotreactionsto the COLLditiOilSare quiteinter-
esting. The conditionat a forwardspeedof 70 zniles
per hour and low rotorspeed (~ig.4(c)) where a large
amountof stalli~~Is presentrepresentsthemost extreme
conditionthat the pilotwas ableto maintainlong enough
to take a ~ecord. For thishelicopter,therefore,the
conditionwith thislargestalledarea (about15 percent
of’the disk area)appearsto representverynesrlythe
operationallimit.

.
.

.

..

In tlieconditionof moderc.testall,the pilot
althoughuncomfortablewas ableto coatr~lthe h?licoptep
satisfactoril~and‘to”takerecords.Ho effectsthatwould
be associatedwith stallingwere notodin the firstEIar-
ginalstallcase. It would seei:lthen that,althoughthe
effectsof a small amountof stallingare t-olerable,
operationwith 1srge~~lountsof stallis prohibitive.

From the precedingdiscussionstalling”wouldbe
expectedto imposea reallimiton the conditionof opera-
tionthatmay be utilized. It is inkerestl~ to examine
tl’.epossibility02 correlatingpracticalexperiencewith



rotor theory i-n thisregardsnd also to exsminethe
ifi~luenceof the destGn variableson the theoretical
stallinglirlits.h conV”&nien~plot for such examination
~Ls sho~’m ~D flgura~.

The an@e of attackreachedat the rstreatin~tip
of thebladedependsupon the tihreevsria’blesshownin
figure5. It dependsfirstupon the tip-speedrc.tio
thatis,

F)
theratioof forwardspeedto rotationalspeed.

It alsodenendsupon the.ratio02 the thrustcoefficient
‘tothe solidity CT/O (whichis a measureof’tb.emean
bladeliftcoefficient)for, .2st;,eanglesof attackall
around the disk increase,tke angloof the retreatingtip
alsoincreases.For a givenhelicopter,thisq?.Mn-
t-1-”byc@ may be increasedeit?.erbj~i~~creasinSthe
weiGhtor by decrcasin~tie”rotationalspeed. ~ij-,.’i.~l.-cl
be increasedby operationat hi@ .sltit~ldes.For of.”i-
cientoperationth:Lsineanllft coef’i’icientsliouldbe kept
reasonablyhigh, Finall-y,the angleof attackQt ths
‘“etreati.n~tip dependsupon the ratioof parasl%odrq.
to lift;t~,.atis, the degreeto [Pjhichthe tLrustv~ctor
Must tiltforwardto overcomethe dra~ of tkefusela~e.
Ii’a prmpel.l?ris installedon the fusela~e,it is pos-
sible,in effect,to reducethe ~a.ras~t-edr%.}~ijicll,the
roto~must overcame. In”fact,~I~l:hincreasedprol>eller
jjo~;cr,negativevaluesof parasitedrag can he proc?ucodo
T?l.en, althoughfor positivevaiuesof’~a.~asitedrag the
r’otol’is dra~@n,Tthe fuselage,for ne~ativ~“valuesthe
propellerand fuselageazzedra~gin~jthe rotor_and.thg
Aimitins Jonditionis t?.~atof tileauto~iro,f’orv~hichno
power is being appl~~dta the rotor. Thus, introasing
tilei’Slti-Oof’parasitedzza~to lik’t(fig.~) is equivalc3nt
to applyinemore antmortipower to the rotor. Valuesof
the ratioof~arasitedrag to liltfor present-dayheli-
coptersat cm~isi~ sp~edsare of theorderof ‘J..1,

Oncethe tip-speedratio p is rixscl,tilean@e 02
a’~tackat the retreatingtip is determinedTor combina-
tionsof the,ratioof parasitedragto lii’tandmoan
bladell~t fioefi’icient.The linelabeled ~“-=12° in
figure5 representscombinationsot thesequanttticsfor._.
which.the calculated.sz-@e of attackat the r~treatiflgtip
(Ut .(Js 27~=) ;,-312? Siiiilarly,”the linel.abcled~ = l@
representscombinationsof’parasztedr~ andmean lift
coefficientfor wlli.chthe r5tr~atin~tip angle02”attack
is 16~. Becausethe stallbe~insinboardin the auto-
rOtatiOn o~r:ear-autorctationconditions,the ~pe of
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inboardlimitadoptedin reference2 has been used for
conditionswhere thislimiti.smore stringentthan the
tip angle-of’-attackliIllitatiOI1. The conditionrepresented
by the shortlimitlinestouchingthe curveslabeled

-—

‘Iautorotation[’in figure5 is the.tthe blade angleof
attackshownhas been reachedat 270° azimuthat a radius
suchthatthe tangentialvelocityis equalto fow-te~~ths
therotationaltip speed, The 12° and 16°.1~lesrepre-.
sent the rangeof angleof attackin wh”ichbladeairfoils
wouldbe expectedto stalland havebeen includedin
previoustheoreticalpapersas probablelimitingcondi-
tionsof the validityof the theory.

The positionsof the curveson figure5 sho~i, then,
that increasi~ either CT/~, the ratioa: paz-asito&w.ta
liit, or p “increasesthe an@e of attackat the ,.
retreatingtip.

Now thatthesetheoreticalrelatio~shipshavebeen
established,it is of interest to spot selecteddata
pointson the plots. The conditionfor_whichextreme
stallwas observedin flightwas at a f’orward.speedof
~0 milesper hour and a rotorspeedof 205 rpm,which
correspondsto a tip-speedratio p of approxinately”02~
This conditionappliesthereforeto the plot of fig-
ure 5(b). For this conditionthe valuesof tlj.eratioof
parasitedrag to lift and CT/” locate.the point as
shovm, Sincethispointrepresentsthe extreme..amowat‘
of tip stalloperationallytolerable,it wouldappear
that,for thisrotor,the 16° tip a~”le-of-attackline
may be takenas the limitof practicalconditionsof
operation. If in a similarmannertke point at which

--

stallwas justbeginning-to occuris ‘plotted(fora for-”
ward speedof @ mph and a rafiourotationa~speedof
205 rpm, givinga tip-speedratioof”ap@?oxx.”~..15-and
locatingthe point on theplot oi’fig.~(a)},it M round
that the coordinatevaluesare such as to place the point
on the 12° angle-of-attackline+ Thisresultindicates
againthe agreementwith theoryshownearli~rfor this
marginalstallcase. It will be notedthat,for the
helicoptertested,the operationallimitoccurredwhen
the calculatedangleof attackat the tip of the rstreatiz~
bladeexceededthe st~li~ an@e of the airfoilsection
by approximately4°. !!2he12° and 16° angle-of-attack
linesmay be consideredboundariesof threeregions,the
~irstrepresentingconditiomfo~ whichno stallwill be
encountered,the second(hatchedregionin fig. 5) repre--
sencingconditionsfor which a-moderateamountof’stall
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is present,and tke Vilird ~ross-hatchedreg~cnin fi&, ~)
representii>~conditionsfor whiclistaliis so severeas
to prohibitopmation,

If,for example,an attmmptueramade to fly this
helj.copterat 100 rd.lesper hour,andhence at.atip-.
~Peedratioof appro::fi~-atelyC.?)>-jand stilluse the low
rotorspeedused in tho firfittwc Cas-as,”the o~erating
conditfonwouldbe far be~ond.tl~e16° angle-of-attack
line thatrepresentsthe maAimumtolerableamcxlntof
stall, Thispointis shownin figuro~(c).

The combinationsof “tihosevariableswhich the dcs~ner
~:~ayuse are limitedby the necessityfor worki~~in tho
operationallyfeasible.r.eGion.As izhetip-speedratiois
?.ncreased,the regionof possibleCperati.aggonditi~ns
~rcwssmallerSnd smalleruntil,finally,at gonePLi@er
tlp-spe~dratio,the areafreefrom.stalldisappears
entirely. ‘lhe-pc.zmissiblebladeloadin~ c#c7 and,
thus, the load thatcan be cmried”approacl~es~ero. The
tip-speedratiov:hichmaybe attainedis therefore
limitedby stall~ng. 11 largeincreases.ig tlmhigh
speedof “thehel-icopterare att”eiiiptecl,accompanyf~
incroaseain the votationaispeedmust, of’necessity,be
m.sdein ordor to keep down the tip-sDeodratioand avoid
severestalling, Lar2eincreases”inretation~ speed,
however,lead to cciil:>ress”lbility10SSOSat the biade
tips, The“degreeto whichlow ;Ip-spezdratics_can bc
l,~aintainedwith ir.cr~a~ii?gforwardspeedic therei’org
limitedby conp~stisib~lityaTip stall&nd compressi-
bllit~thusultkatel:~l~it t~~ehi:* sp~cdof the
.,@~j-copter- .-

..:,.-

—

-.

–,—.

. .

—

The higherthe- locdingsthut tl~edesignerattem@s
to maintain,the lowsrare the tip-speedratioswhick
can be attainedwithoutseverestalling;snclthe lower
thepermissibleti~-speedratios,tka loworis the forward:
speedat whichcompressibilit;$troublesoccur. ~i& - “---
loadingsthusinvolvolow limlti~ speedsan< c~nvarscly
high spe=dsnecessitatelow loadiu~s. LThe ili~il-speedt.ef-
copter rnu::tt:~ercforebe lightlyl~adod,wMcF.sugges:s .“
a leugerotorat hl@ solidityoperatingat high t3.g .“
speeds. -.

.

Figure5 alsoindfcatesa numberof’ ways in which .
the}Ieli.cop-terc’.csignermay postponethe stallwithout
incuri”ingpenaltiesin per.form&ceelsewhere. Very
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significantgainsare available.if the stsllingcharac-
teristicsof present-dayrotorbladeswe “hqn?oved.Two
means are availablefor in.creasingt@e stailingangle:
(1)irregularitiesin tinesectionthattiducepremature
stallshouldbe avoidedand (2) airfoilprofileshaving
higherstallinganglesmay he used insof~ as is pDs-
ziblewithoutproducingdrag increases.atlow anglesand.
witlnoutproducinglargep“itchi~ moments.“ f@O@er po-ssi.-
bili.tyfromwhich onlybenefitsaccrueiS-cleaningup-
the t’uselage,sincereducingthe psrasitedraghas slready

.

been shownto reducethe angleof attackin the region
of the stall.

.

A reductionin CT/a or in the.meti.hladelift coeffi-
cientis undesirablebecauseof penaltiesincurredelse-
where,for example,in hoveringand cruisingflight..
One way to avoidthisproblem,however,is by theuse of
a gem shift. The helicoptermay be designedfor high
speedon thebasis of compressibilityand stalllimits
(whichfactorstailfor.use of a low mean lift coeffi-
cient)and a gear shiftmay be providedto permitreduc--
tion of the rotorrotationalspeedin hovering‘-d in
low-saeedoperation. The mean lift coefficientsmay
thusbe raisedto efficientvaluesfor these”conditions.

It may alsobe remarkedthat the introductionof
some twistin the bladesS11OWSpromiseof delayingthe
stall,shce it tendsto distribute.the liftmore evenly
alongthe bladesand to reducetbiehigh loadingsat the
tip.

CONCLUSIONS

On the basisof the limitedex~~rtmentaland thee. —
reticslltreatmentspresented,the followingconclusions
concerningthe stallingof helicopterbladesmay be
drawn:

1. Stalloccursand spreadsroughlyin the manner. .:<predictedby helicoptertheory.

2. Stallingimposesa practicallimit on the condi=
tionof operationwhichmay be utilized. For theheli-
coptertested,the operationallimitoccurredwhen the

.—
angleof attackat the tip of the retreatingbladeexceeded .
the stallingangleof theairfoilby approximatelyko.
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5. The extentof the experimentaldata and the
~ degree.of agreementshownare believedto be sufficient

to indicetethattheoreticalstallingcalculationscan
be used as a basisfor helicopterrotordesign. .

4..Furthercorrelationof datawith theoryand study
of the avenuesopenfor postponingthe stallshouldbe
extremelyhelpfulin realizingtheultimatepossibilities
of the helicopter.

LangleyMemorialAer~nauticalLaboratory
NationalAdvisoryCommitteefor Aeronautics

LangleyField,Vs., April15, 1946
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Figure1.-Theoreticalstallboundarleaforrepresentativehelicopterconditions.
Weight,2580pourids:radius,19 feet,;parasit,e-dragarea,Z’3squarefeet:
stallingangleof attack,12°.
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Figure2.-Cameralngtallationon helicopterrotorhub.
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(a)$ = 70°. ● (b) $= 310°.

Figure3.-Typlcalphotograph~akenin flightof tuftson a
helicopterrotorblade.
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